INTRODUCTION
The benzoyl phenylureas have been found to prevent molting of insects by interfering with the formation of the new cuticle. 1-3' The most potent compound is 1-(4-chlorophenyl)-3-(2, 6-difluorobenzoyl)urea (PH 60-40, TH 60-40, dimilin, diflubenzuron). 4s' Histological and biochemical examinations of affected larvae have revealed disturbances in the endocuticular matrix suggesting a defect in the process of endocuticular deposition. [7] [8] [9] [10] [11] [12] Tobacco hornworm (Manduca sexta) larvae are ideal for a study of the action of these inhibitors of cuticle formation because the molting cycle is well-defined13) and the larval epidermis forms cuticle in vitro. 14, 15) Therefore, in this paper the effects of diflubenzuron on chitin synthesis in Manduca larvae during the final instar will be examined.
MATERIALS AND METHODS

Experimental Animals
Manduca larvae were derived from the stock at the University of Washington, Seattle, WA. , U. S. A. Larvae were reared as described by Truman16' and Bell and Joachim17' at 26°C under a long day (18L : 6D) photoperiod regimen.
Chemicals
Diflubenzuron, l-(4-chlorophenyl)-3-(2, 6-difluorobenzoyl)urea, was kindly supplied by Nissan Chemical Co. Ltd. , Tokyo, Japan. D-[6 14C1Glucose(53. 5 mCi Jmmol) and D-[l-14C1-Glucosamine hydrochloride (60. 8 mCi/mmol) were purchased from The Radiochemical Centre, Amersham, England.
Administration to Larvae
Diflubenzuron was added directly to the diet mixture after it was cooled to 70°C; the mixture was blended at high speed in a blaring blender, poured into pans and allowed to harden. Newly molted 5th instar larvae were collected in the morning 2 hr after lights on and placed on control or experimental diet in individual containers.
At the wandering stage they were transferred to corked wooden blocks for pupation.
Alternatively, diflubenzuron in l , u1 dimethyl sulfoxide (DMSO) was topically applied to the dorsal region of the 3rd abdominal segment of newly molted 5th instar larvae. These larvae were reared on a normal diet.
Larval mortality occurred any time up to the wandering stage. Pupae were examined 7 to 10 days after the onset of wandering. When morphologically normal pupae were obtained, they were observed for adult emergence.
Culture Procedures
For culture in vitro, the procedures were the same as previously reported. 14, 15) The middorsal region of the 5th abdominal segment was used and the medium was changed at least every 3 days. A stock solution of diflubenzuron in DMSO was added to sterile Grace's medium, sonicated three times for 2 min (a modification of the method by Kramer et a1. 16)) and diluted when necessary.
Histological Procedures
Small pieces of middorsal integument from the 5th abdominal segment were fixed in Bouin's, sectioned at 7 µm and stained with haematoxylin-eosin. The total cuticle thickness was measured at 400 X magnification with a Vanox, Olympus phase contrast microscope. Three random measurements of each sample (N> 10) were made, then averaged.
Analysis o, f Chitin Synthesis
14C-glucose or 14C-glucosamine hydrochloride in 10 hl Manduca saline19) was injected into the haemocoel through a proleg. Twentyfour hr later the larvae were anesthetized with C02, bled and the viscera removed. The dorsal abdominal integument from the 3rd to the 5th segment was rinsed, cut into small pieces and hydrolyzed in 2 ml 30% KOH for 1 hr at 100°C. The chitinous cuticle, which is resistant to KOH treatment, was removed from the hydrolysate, washed well with distilled water and dried. The radioactivity incorporated into these pieces was determined using a sample oxidizer (Packard Model 305) followed by scintillation counting (Packard Model 3320). Combustion analysis of the hydrolysate provided a measurement of incorporation into the remainder of the tissue.
For experiments in vitro, the 14C-glucosamine hydrochloride was added sterilely to Grace's medium. Small pieces (6 X 5 mm) from the 5th dorsal abdominal segment were then cultured in this medium in the presence or absence of diflubenzuron for 48 hr. The pieces were washed with distilled water, then hydrolyzed in 1 ml 30% KOH at 100C for 1 hr. The radioactivity incorporated into the chitin fraction was analyzed as above.
RESULTS
I nsecticidal Activity
Preliminary experiments showed that when 1 ppm diflubenzuron was fed to newly hatched Open circle : control (n=20) ; closed circle : 1 ppm diflubenzuron (n=20) ; closed triangle : 10 ppm diflubenzuron (n=13).
Day of 5th instar
Manduca larvae, all died before ecdysis to the second instar. By contrast, those fed 1 ppm diflubenzuron only during the 5th instar grew nearly to the normal size ( Fig. 1 ) but most formed abnormal pupae. The typical pupa obtained had thin tan pupal cuticle on the dorsal abdomen but the head, thorax and ventral anterior abdomen (segments 1-4) remained unmolted. These pupae died within a few days. Only one of the 4 apparently normal pupae became a normal adult (Table  1) . Larval growth decreased and mortality increased when the concentration of diflubenzuron was raised to 10 ppm (Fig. 1, Table  1 ) or 25 ppm (data not shown). By the 3rd to 4th day of feeding, some treated larvae had ruptured an abdominal intersegmental membrane and bled to death. A few at the highest concentration showed excessive bloating of the abdomen behind the first segment due to a failure of the muscle attachments. Most larvae on 10 ppm diet fed for one day longer than the controls before purging their gut contents (Fig. 1) ; then some died before pupating and others formed abnormal pupae as described above (Table 1) .
After a single topical application of diflubenzuron to newly molted larvae, larval mortality remained at 20-30%, irrespective of the dose as seen in Fig. 2 . By contrast, total mortality (larval plus pupal) increased in a dose-related manner with a LD5o of 0. 5 , ug/ larva.
Inhibition of Endocuticle Deposition
During the 5th instar endocuticle deposition followed a sigmoidal curve with the greatest rate of cuticle secretion occurring between days 1 and 3 as previously shown by Wielgus and Gilbert. 20) After topical application of 5 pg diflubenzuron, the rate of cuticle deposition decreased. By the onset of wandering, it was only two-thirds as thick as normal. Cuticle deposition was also observed in vitro. When isolated segments were cultured in Grace's medium for 4 days, the cuticle thickness increased 4-fold, similar to the increase seen in vivo over that time (cf. Fig. 3(A) and (B)). Five pg; ml diflubenzuron completely inhibited cuticle deposition in vitro as shown in Fig. 3(B) .
Inhibition of Pupal Cuticle Formation in
Vitro To determine the effect of diflubenzuron on the formation of new cuticle, we cultured epidermis from wandering larvae in Grace's medium containing 5 pg/ml ecdysterone with or without the inhibitor for 4 days. Then the tissues were transferred into Grace's medium and incubated for another 2 weeks with me- remainder (35%) had formed patches of pupal cuticle, some of which were tanned. When epidermis was exposed to ecdysterone in the presence of 0. 25 pglml diflubenzuron (8. 0 X 10-7 M), most pieces formed a new but very thin pupal cuticle. Ten times higher concentration of the inhibitor prevented pupal cuticle formation by 60% of the pieces. Thus, diflubenzuron prevents new cuticle formation in response to ecdysterone just as it prevents endocuticle deposition. Whether or not the thin, new, nonchitinous pupal epicuticle was deposited was not determined.
Inhibition of Chitin Synthesis
Twenty-four hours after 0. 1, iCi 14C-glucose or 14C-glucosamine hydrochloride was injected into 2 day-old 5th instar larvae, 45% and 26% respectively of the radioactivity was found in the chitin fraction (Table 3) . A single topical application of 5 pg diflubenzuron just after ecdysis prevented most of this incorporation, but not that into other tissues.
To determine the minimum concentration of diflubenzuron necessary to prevent glucosamine hydrochloride incorporation into cuticle, 5 X 6 mm pieces of cleaned integument from 6 to 7 g larvae (day 3) were incubated in 0. 5 ml Grace's medium containing 0. 05 pCi 14C-glucosamine hydrochloride and varying concentrations of diflubenzuron for 48 hours.
Then the integument was hydrolyzed and the radioactivity incorporated into the chitin fraction analyzed. Figure 4 shows that> 10-10M diflubenzuron begins to inhibit glucosamine hydrochloride incorporation into chitin with 50% inhibition (ID50) occurring at 1. 1 X 10-9M.
DISCUSSION
In Manduca as in other insectsl-4, 6, 11, 12, 21) diflubenzuron interferes with growth and molting by disrupting normal cuticle deposition. In vivo this compound was effective when either fed or topically applied. Thus, Manduca differs from Pieris in which topical application of diflubenzuron was ineffective. 4) In contrast to the findings of Wielgus and Gilbert, 20) our culture conditions permitted Manduca epidermis in the absence of hormones or other factors to continue to produce endocuticle in vitro at nearly the rate it does in vivo. Diflubenzuron was able to inhibit completely this endocuticle deposition in vitro, indicating that it acts directly on the epidermis rather than interfering with hormonal levels. 22) This action is to prevent the incorporation of either glucose or glucosamine hydrochloride into chitin as has been previously found for Pieris, 9, 12) Musca, 13) Oncofteltus, 21) and Leucophaea, [23] [24] [25] In all cases the 50% inhibitory concentration in vitro ranges between 10-7 to 10-9M. The mode of inhibition of chitin synthesis by the benzoylphenylureas is still under study. Most workersll, 21, 25) feel that these compounds act like Polyoxin D26) and inhibit chitin synthetase. In both Oncopeltus21) and Muscall) body walls in vitro the decrease in glucosamine incorporation into chitin in the presence of diflubenzuron is balanced by an accumulation of labelled UDP-N-acetylglucosamine. Our preliminary experiments with Manduca show a similar trend. However, as van Eckl1) cautions, these data do not prove that diflubenzuron directly inhibits chitin synthetase. The proof awaits the isolation and purification of this enzyme.
